The electrochemical synthesis of ammonia from nitrogen under mild conditions using renewable electricity is an attractive alternative 1-4 to the energy-intensive Haber-Bosch process, which dominates industrial ammonia production. However, there are considerable scientific and technical challenges 5,6 facing the electrochemical alternative, and most experimental studies reported so far have achieved only low selectivities and conversions. The amount of ammonia produced is usually so small that it cannot be firmly attributed to electrochemical nitrogen fixation 7-9 rather than contamination from ammonia that is either present in air, human breath or ion-conducting membranes 9 , or generated from labile nitrogen-containing compounds (for example, nitrates, amines, nitrites and nitrogen oxides) that are typically present in the nitrogen gas stream 10 , in the atmosphere or even in the catalyst itself. Although these sources of experimental artefacts are beginning to be recognized and managed 11,12 , concerted efforts to develop effective electrochemical nitrogen reduction processes would benefit from benchmarking protocols for the reaction and from a standardized set of control experiments designed to identify and then eliminate or quantify the sources of contamination. Here we propose a rigorous procedure using 15 N 2 that enables us to reliably detect and quantify the electrochemical reduction of nitrogen to ammonia. We demonstrate experimentally the importance of various sources of contamination, and show how to remove labile nitrogen-containing compounds from the nitrogen gas as well as how to perform quantitative isotope measurements with cycling of 15 N 2 gas to reduce both contamination and the cost of isotope measurements. Following this protocol, we find that no ammonia is produced when using the most promising pure-metal catalysts for this reaction in aqueous media, and we successfully confirm and quantify ammonia synthesis using lithium electrodeposition in tetrahydrofuran
, or generated from labile nitrogen-containing compounds (for example, nitrates, amines, nitrites and nitrogen oxides) that are typically present in the nitrogen gas stream 10 , in the atmosphere or even in the catalyst itself. Although these sources of experimental artefacts are beginning to be recognized and managed 11, 12 , concerted efforts to develop effective electrochemical nitrogen reduction processes would benefit from benchmarking protocols for the reaction and from a standardized set of control experiments designed to identify and then eliminate or quantify the sources of contamination. Here we propose a rigorous procedure using 15 N 2 that enables us to reliably detect and quantify the electrochemical reduction of nitrogen to ammonia. We demonstrate experimentally the importance of various sources of contamination, and show how to remove labile nitrogen-containing compounds from the nitrogen gas as well as how to perform quantitative isotope measurements with cycling of 15 N 2 gas to reduce both contamination and the cost of isotope measurements. Following this protocol, we find that no ammonia is produced when using the most promising pure-metal catalysts for this reaction in aqueous media, and we successfully confirm and quantify ammonia synthesis using lithium electrodeposition in tetrahydrofuran 13 . The use of this rigorous protocol should help to prevent false positives from appearing in the literature, thus enabling the field to focus on viable pathways towards the practical electrochemical reduction of nitrogen to ammonia.
Ruthenium, rhenium and rhodium are the most promising pure metal catalysts 14 , for which our electrochemical benchmarking experiments in aqueous electrolyte yielded no more ammonia than the background level of around 10 parts per billion (p.p.b.) (Fig. 1) . We conclude that under these conditions no ammonia is synthesized, and that the competing hydrogen evolution reaction dominates in an aqueous environment 5 . Figure 2a -c compares the amounts of ammonia produced in this negative-result experiment with those reported in the literature, and illustrates that the reported ammonia production rates and concentrations are often close to the common background levels that we also explicitly quantify (see Extended Data Fig. 1 ). Reporting only ammonia production rates, without careful control experiments, is thus clearly not sufficient to reliably document the formation of ammonia. The problem of spurious nitrogen 15 giving rise to experimental artefacts is well recognized in other fields, and probably explains the inability to reproduce 16 the photochemical synthesis of ammonia over titanium dioxide under rigorous conditions. This problem is also increasingly recognized in the context of electrochemical ammonia synthesis, in which recent re-testing of a putative phthalocyanine-based ammonia electrosynthesis catalyst attributed the detected ammonia to contaminants or catalyst decomposition 17 . Measurement protocols are currently being developed to ensure that false positives can be distinguished from breakthrough results 11, 12 . Previous studies have discussed the need to improve measurements and control studies in the synthesis of ammonia 11, 12 , and have identified a range of factors that must be considered to ensure that any ammonia detected is produced from dinitrogen rather than as a result of adventitious contamination. To this end, we implement a systematic benchmarking protocol that also quantifies the electroreduction of nitrogen. This protocol is presented in Fig. 3 in the form of a flow chart.
Previous studies 11, 12 have stated that, as a first control, it is essential to perform measurements with argon under exactly the same conditions as the nitrogen electroreduction experiments, in order to quantify ammonia that originates from contamination within the cell or from within the catalyst itself. A control with nitrogen at open circuit potential over the same duration as the electroreduction experiment is equally important, to investigate contamination in the feed-gas stream. However, we note that even high-purity nitrogen gas can contain, in addition to ammonia itself, other easily reduced nitrogen sources such as NO x . As such, in order to reduce adventitious contamination, nitrogen gas should first be passed over an appropriate adsorbent-for example, copper (see Methods).
Other sources of contamination may also be present, which may lead to activity tests indicating that comparable amounts of ammonia are present in both samples and controls. These sources include Nafion, which is used in some N 2 electroreduction experiments as a separating membrane or electrolyte 9, 18 and which accumulates and releases ammonium ions (NH 4 + ) through ion exchange with acid groups (see Methods). Ambient air also contains a non-negligible amount of ammonia (ranging from 0.05-250 parts per million (p.p.m.) 19 ) that can accumulate in chemicals and/or the experimental set-up, making the use of a closed system imperative. Similarly, human breath contains 0.3-3.0 p.p.m. ammonia 20 and therefore must be carefully excluded. The presence and the strength of these sources of contamination vary enormously, such that persuasive evidence for the successful electrochemical synthesis of ammonia requires the accumulation of ammonia in concentrations that substantially exceed those obtained in control measurements, including those with argon and those with nitrogen at open circuit potential over the duration of the experiment. Fig. 3 ). We focus here on nuclear magnetic resonance (NMR) spectroscopy, which we found to be the most convenient. Fig. 2) .
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Isotope-labelled 15 N 2 gas usually contains not only ammonia as an impurity, but also reducible, labile nitrogen-containing compounds such as NO x
10
. As an illustration of the potential effect of such impurities, we consider a recent study that reports microgram NH 3 yields obtained through the electroreduction of a very small fraction of the nitrogen reactant gas over the course of several days 23 . The isotopelabelling control used 15 N 2 gas with a purity of 99.13%, bubbled for 28 h at a rate of 10 ml min . In such a case, the 0.87% of impurities could potentially lead to 3,600 µg of ammonia or other nitrogen-containing species per hour, which over the course of the experiment would equate to 100 mg and would vastly exceed the reported yield of ammonia. This illustrates the great care that must be taken when dealing with the almost inevitable contamination of the nitrogen gas, as even impurity levels that are restricted to a few p.p.m. can be highly problematic. Although control measurements with 15 N 2 gas flowing through the cell under open circuit potential must be conducted to establish the level of ammonia contamination from the gas feed, in the same manner as for measurements with 14 N 2 gas, additional purification is essential before the gas enters the electrochemical cell, to mitigate the contribution of contaminants such as NO x and other labile nitrogen compounds. This can be effectively achieved through adsorption on a reduced copper catalyst (see Methods). We have implemented a gas recycling set-up (see Methods), which enables us to reduce impurity levels and reuse expensive 15 N 2 when conducting isotope-labelling control experiments. In cases in which the electroreduction of nitrogen to ammonia is successfully observed, experiments will need to be repeated in order to establish reproducible results with error bars and so that the mean and variance of the data can be determined. To enable the meaningful comparison of data collected under different conditions in different Tables 1-4 . Green dots represent data without a blank test, blue squares present data from experiments in which a blank test was performed, red triangles represent data with 15 N 2 isotope tests with blank tests, filled symbols indicate nonaqueous systems, and stars are estimated values using data provided in the literature. a, Partial current densities for electrochemical ammonia production plotted against applied potential (vs RHE unless otherwise specified). b, Ammonia concentrations as a function of partial current density towards ammonia formation. The dashed line at 10 p.p.b. indicates the lower limit of detection of ammonia in our system, and the grey gradient indicates concentrations wherein we have seen false positives, with a darker colour indicating a higher probability for false positives (see Extended Data Fig. 1 ). c, Faradaic efficiency of the detected ammonia as a function of partial current density towards ammonia. Data adapted from: ref. 7 for Fe; ref. 8 Letter reSeArCH experimental set-ups, we suggest reporting the actual concentration of detected ammonia, the concentrations measured in control measurements and the electrolyte volume. Useful figures of merit that should be reported include the partial current density under which ammonia is synthesized, stated in mA cm −2 and normalized to geometric and electrochemically active surface area; the turnover frequency per site per second; the working electrode potential; the faradaic efficiency; the yield rate normalized to the electrode surface area; and the mass of the catalyst. The amount of ammonia produced can be quantified using isotope-specific NMR and colorimetric measurements (see Methods), which must give similar results. There must also be a 1:1 agreement between the amounts of ammonia produced in the 14 N 2 and 15 N 2 reduction tests performed under the same conditions.
We have used our proposed protocol to test several of the more promising processes and catalysts shown in Fig. 2 . So far, we have been able to reproduce only the lithium-mediated nitrogen electroreduction experiment 24 , which measured high current densities and determined ammonia concentrations using a colorimetric indophenol test and an ammonia gas-sensing electrode. However, the original study lacked crucial isotope-labelled measurements. In an experiment using a molybdenum foil and 14 N 2 gas we were able to confirm the formation of ammonia by determining 14 NH 3 using a colorimetric method and NMR (Fig. 4a, b) . Two control experiments, one with argon accumulating 20 C of charge and another with cleaned (Fig. 4c) , and the amount of accumulated ammonia correlated with the amount of charge passed through the system (Fig. 4d ). When using 14 N 2 gas, the quantification of ammonia by NMR and indophenol measurements resulted in a mean faradaic efficiency of 6.5 ± 1.4% and 7.5 ± 1.1%, respectively; a mean yield rate of 0.7 ± 0.2 µmol h −1 cm geo
and 0.8 ± 0.1 µmol h −1 cm geo −2 (where 'geo' indicates that it is the geometric surface area that is stated); and a mean concentration after 20 C of charge had passed of 0.56 ± 0.10 mM (9.6 ± 1.6 p.p.m.) and 0.65 ± 0.08 mM (11.1 ± 1.3 p.p.m.). When using 15 N 2 gas, ammonia determined by NMR and indophenol measurements gave a mean faradaic efficiency of 5.7 ± 0.7% and 7.0 ± 2.2%, respectively; a mean yield rate of 0.6 ± 0.1 µmol h −1 cm geo −2 and 0.7 ± 0.2 µmol h −1 cm geo
; and a mean concentration after 20 C charge had passed of 0.49 ± 0.05 mM (8.3 ± 0.9 p.p.m.) and 0.61 ± 0.16 mM (10.3 ± 2.7 p.p.m.). Although the exact nature of the lithium-mediated ammonia synthesis mechanism will be the subject of a future report, our observations validate the lithium-mediated strategy for the electrochemical production of ammonia, and illustrate that ammonia can be synthesized in similar quantities from 14 N 2 and 15 N 2 as well as demonstrating the use of our benchmarking protocol. 
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We anticipate that our rigorous protocol will enable a more effective identification of electrochemical systems that are truly capable of reducing nitrogen to ammonia. In addition, by preventing false positives from appearing in the literature, it may ultimately aid the development of more efficient processes that yield substantially larger amounts of ammonia than are currently achieved. Once ammonia can be produced at concentrations beyond the parts-per-million range, rigorous protocols with quantitative isotope-sensitive experiments may no longer be necessary for every measurement. However, the varied sources of potential contamination will remain, and our suggested control experiments thus remain important and relevant when exploring nitrogen-conversion processes, including photoelectrochemical reduction and oxidation to NO x species.
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MEthods
Electrochemical measurements in aqueous electrolyte. Bio-Logic VMP2 and SP-300 (Bio-Logic) potentiostats were used for all electrochemical experiments. A borosilicate glass H-cell was used, with working electrode and counter electrode chambers each 7.5 ml in volume, connected by a joint separated by a membrane. The Hg-Hg 2 SO 4 reference electrode (SI Analytics) chamber was connected to the working electrode compartment by a glass frit. The electrolyte used was 0.1 M KOH (99.995%, Merck Suprapur) in ultrapure water (Millipore Synergy UV). The glassware was boiled and rinsed twice in Millipore water, then ovendried overnight at 120 °C between each measurement. We used the microporous polypropylene Celgard 3401 membrane, with a thickness of 25 µm and a porosity of 41%, to separate working electrode and counter electrode chambers. Because it is a porous membrane-as opposed to a proton-or anion-exchange membrane-it does not act as a source or a sink for ammonia, requires no cleaning procedure, and can be kept in 0.1 M KOH. Ruthenium (6 × 6 × 1 mm 3 , 99.9%,), rhenium (10 × 10 × 2 mm 3 , 99.99%, Goodfellow), and rhodium (5 × 10 × 0.25 mm 3 , 99.9% purity, MaTeCK), were tested at four different potentials: −1.0 V, −1.5 V, −2.0 V and −2.5 V vs RHE, for 1 hour or until 100 C of charge was accumulated. The counter electrode was an iridium foil (25 × 25 × 0.125 mm 3 , 99.9%, Goodfellow). The electrodes were polished several times using polycrystalline diamond paste (Buehler) of sizes 3 µm, 1 µm, and 0.25 µm, respectively, until the surface had a mirror finish, followed by an ultra-sonication process in Millipore water and isopropanol (≥99.8%, Merck) between each polishing step, to dislodge any remaining diamond particles. The working electrodes were annealed at 700-800 °C by induction heating with an Ar/5%-H 2 (AGA Gas AB) atmosphere for 5 min. Given the generally low faradaic efficiencies observed for nitrogen reduction in the literature, we applied relatively high currents (10-50 mA) to maximise the ammonia in the system. The Ohmic resistance was measured at open circuit potential, by obtaining electrochemical impedance spectra from 30 kHz to 1 Hz before and after each measurement, fitted using EC-Laboratory V11.02. A shunt capacitance of 2 µF was connected between the reference electrode and the counter electrode to eliminate high-frequency artefacts. Bubble formation during the measurement would result in additional uncorrected IR drops. The electrochemical impedance spectra were fitted using the software to determine the uncompensated resistance. The IR-drop correction was carried out taking into account the current flowing at the given potential. Measurements were conducted with an 85% IR-drop automatic compensation, based on the pre-test resistance; the remaining 15% IR-drop was corrected a posteriori. The pre-test IR drop was higher than the post-test value, due to rising electrolyte levels in the working electrode compartment and temperature increases; we thus represent the potential as a range of values to account for this change in potentials. Additionally, when we attempted to measure the IR drop in operando, we measured an additional increase of at least 6% relative to the open circuit potential, due to bubble formation; 31 typically such in operando measurements were impractical, owing to the potentiostat overloading. Thus, in order to account for uncertainty in the IR drop, we represent it as a range of values rather than a discrete data point. The higher hydrogen evolution activity of rhodium at very negative potentials resulted in particularly large differences between the pre-test and post-test IR drop value, manifested as a large uncertainty in potential. Figure 1 displays the potential measured for each metal during chronoamperometry. All of the pure metal catalysts resulted in less than 10 p.p.b. NH 3 , detected via the colorimetric indophenol method at the measured potentials, within the levels of background contamination of the set-up. These catalysts show much higher selectivity towards the competing hydrogen evolution reaction in aqueous solutions, consistent with DFT-based models 14 . Electrochemical measurements in non-aqueous electrolyte. The experiments were performed in an OMNI-LABORATORY (Vacuum Atmospheres) glovebox and a home-made closed system with N 2 gas recirculation. The single compartment borosilicate glass cell had an electrolyte volume of 8 ml. It had a two-electrode configuration with a molybdenum foil (0.125 mm, 99.9%, Goodfellow) working electrode and a platinum-mesh (99.9%, Goodfellow) counter electrode. Experiments in non-aqueous electrolytes were conducted in 0.2 M LiClO 4 (battery grade, 99.99%, Sigma-Aldrich) in a mixture of 1 vol% ethanol (99.5%, AcroSeal, Sigma-Aldrich) and 99 vol% tetrahydrofuran (THF, anhydrous, 99.9%, inhibitor-free, Sigma-Aldrich). The exact potential vs SHE was difficult to determine owing to the large IR drop and fluctuating current. It was estimated in a three-electrode system using a Ag/Ag + electrode prepared by immersing a silver wire (Dansk Hollandsk AEdelmetal) in 0.1 M AgClO 4 (Sigma-Aldrich) in THF, separated from the main chamber with a P4 glass frit. The potential of this electrode was calculated to be 0.77 V vs SHE using data from ref. 32 . The IR drop was measured by electrochemical impedance spectroscopy. It was generally in the range of 900-1,600 Ω for the 0.2 M solution of LiClO 4 . For the catalytic tests, a bias of −9 V was applied between the electrodes; the current was in the range of 2-3 mA. Using this system, we estimate the initial working electrode potential to be approximately −3.1 V under reaction conditions; it became more negative during the experiment.
Colorimetric tests to determine the concentrations of ammonia, nitrite and hydrazine. Ammonia in the electrolyte was quantified by the indophenol method, which works well for aqueous electrolytes and can be modified to work for non-aqueous electrolytes. For calibration in aqueous electrolytes, a known concentration of NH 4 Cl (99.8%, Merck) was added to 0.1 M KOH, then neutralized by adding 0.5 M H 2 SO 4 (Suprapur, Merck). 500 µl of phenol nitroprusside solution (P6994, Sigma-Aldrich) and 500 µl of alkaline hypochlorite solution (A1727, Sigma-Aldrich) was then added to 2 ml of the neutralized sample. The solution was incubated for 30 min at room temperature in the dark, and the sample absorbance was analysed by UV-vis spectroscopy (UV-2600, Shimadzu) from 400 nm to 800 nm. The calibration curve was constructed for ammonia with the following concentrations: blank, 10 p.p.b., 50 p.p.b., 100 p.p.b., 500 p.p.b., 1 p. p.m. and 2 p.p.m., and a fitted curve of the absorbance peak of each concentration showed a linear regression with an R 2 value of 0.99965. For the non-aqueous electrolyte (0.2 M LiClO 4 in 1% ethanol/99% THF), 20 µl of 4 M HCl (37%, VWR Chemicals) was added to 400 µl of the electrolyte, and the solution was dried at 60 °C for 30 min, evaporating the solvent while leaving ammonia in the form of the NH 4 Cl salt. The remaining salts were dissolved in 2 ml of Milli-Q H 2 O, and the indophenol method proceeded as described for the aqueous case. The calibration curve was constructed for ammonia with the same concentrations as for the aqueous case, and a fitted curve of the absorbance peak of each concentration showed a linear regression with an R 2 value of 0.99737. It is imperative to make a blank measurement for every sample using the same batch of chemicals; this ensures no major contamination of the chemicals. NO x contamination is often present in N 2 gas bottles. NO x can be reduced to ammonia much more easily than can N 2 ; consequently, because its presence could lead to a false positive, it is important to account for it. Nitrite (NO 2 − ) can easily be detected down to 10 p.p.b. with colorimetric tests. For the aqueous electrolyte, a known concentration of KNO 2 (≥96.0%, Sigma-Aldrich) was added to 0.1 M KOH, then neutralized by adding 0.5 M H 2 SO 4 . Subsequently 35 mg of powder was added from a nitrite test kit (photometric 0.002-1.00 mg l −1 NO 2 -N, 0.007-3.28 mg l −1 NO 2 − , Spectroquant, Merck), containing sulfanilic acid and diazonium salt, to 3 ml of the neutralized solution. This was incubated for 10 min at room temperature before being analysed by UV-vis spectroscopy. A calibration curve was constructed with the same nitrite concentrations as the ammonia calibration; the fitted curve for the calibration showed a linear regression with an R 2 value of 0.99933.
Hydrazine can potentially be produced during the synthesis of ammonia. For the aqueous electrolyte, a known concentration of hydrazine monohydrate (~64%, Sigma-Aldrich) was added to 0.1 M KOH, then neutralized by adding 0.5 M H 2 SO 4 . This was followed by adding 1 ml of the reagent solution from the hydrazine test kit (photometric 0.005-2.00 mg l −1 N 2 H 4 , Spectroquant, Merck), containing 4-(dimethylamino)benzaldehyde, to 2.5 ml of the neutralized solution, and the new solution was incubated for 5 min at room temperature before analysis by UV-vis spectroscopy. A calibration curve was constructed with the same hydrazine concentrations as for the ammonia calibration; the fitted curve for the calibration showed a linear regression with an R 2 value of 0.99999. Single-compartment cells. Single-compartment cells have the advantage of removing one source of possible ammonia contamination: the membrane. The single-compartment cell used in this work consisted of a clean glass cell containing 5 ml 0.1 M KOH electrolyte, with Ru as working electrode and Ir as counter electrode, using a glass bubbler to saturate the electrolyte with N 2 gas. However, when we added 1 p.p.m. of ammonia to such a set-up in order to evaluate the efficiency of ammonia retrieval, using Ar gas (5.0, AGA Gas AB, Sweden) instead of N 2 (to exclude contamination from the gas stream), and applied potentials around −2.5 V vs RHE for 1 hour, only 46 p.p.b. and 54 p.p.b. of the added ammonia could be recovered in two separate experiments. Ammonia was removed from the electrolyte, either by hydrogen bubble formation at the working electrode or by oxidation at the counter electrode. Downstream trap. An acid or water trap downstream of the electrochemical cell is often used to capture gaseous ammonia. However, owing to the high solubility of ammonia in water, it tends to remain in aqueous electrolytes even at very high pH values 33 . Therefore, one must evaluate the need for a downstream trap, as it is potentially redundant. Moreover, such a downstream trap could also be a serious source of contamination between experiments. We have not implemented a downstream trap in this work. Nafion. Nafion is a frequently used membrane and binder. In order to assess the influence of a Nafion membrane, we conducted a series of measurements in the two-compartment cell with 7.5 ml 0.1 M KOH as electrolyte, Ru as working electrode and Ir as counter electrode, both with the 'as-used' working electrolyte and after the addition of a set amount of ammonia. The Nafion (Nafion 117, Chemours) was either used as received, or pre-cleaned by boiling for 1 h in 3% H 2 O 2 (30%, Merck), boiling for 1 h in 0.1 M H 2 SO 4 , and then rinsing in Millipore water to remove excess acid. We observed a reduction in the concentration of ammonia in 0.1 M KOH solutions in contact with fresh Nafion. This is due to the membrane soaking up background contamination of ammonia from the electrolyte in which it is submerged, relative to a blank sample from the same batch of 0.1 M KOH that had not been in contact with Nafion. This leads to a 'negative' concentration relative to the blank, as shown in Extended Data Fig. 1a . Conversely, when the Nafion is pre-cleaned using the aforementioned method, the membrane becomes a source of ammonia contamination. The membrane probably absorbs ammonia from the acid during cleaning, and it is later released. Moreover, with no applied potential, the membrane enables considerable crossover of ammonia from the working electrode compartment to the counter electrode compartment (1 p.p.m. added to working electrode, 945 p.p.b. recovered in working electrode and 178 p.p.b. recovered in counter electrode after 1 h). With applied potential, the ammonia from the counter electrode compartment becomes negative (1 p.p.m. added to working electrode, 925 p.p.b. recovered in working electrode and −20 p.p.b. recovered in counter electrode after 1 h at −0.5 V vs RHE with Ar), most likely due to a combination of oxidization at the counter electrode and absorption into the membrane. Because Nafion can be both a sink and a source of ammonia, it should be used with great care in ammonia synthesis. Celgard. The Celgard 3401 membrane is a 25-µm-thick microporous polypropylene membrane. No substantial increase or decrease in the detected levels of adventitious ammonia was measured with this membrane, as shown in Extended Data Fig. 1b. When 1 p. p.m. of ammonia was added to the working electrode compartment at open circuit potential, all of the ammonia was recovered. With an applied potential of −2.5 V vs RHE using Ar gas, crossover across the membrane increases, and 791 p.p.b. of the 1 p.p.m. of ammonia added was recovered from the working electrode compartment, while 89 p.p.b. was recovered at the counter electrode compartment. An H-cell with the Celgard membrane was therefore used for all aqueous experiments. Additional sources of contamination. Three clean glass vials, containing separately 2 ml 0.1 M KOH, 2 ml Millipore H 2 O and 2 ml 0.1 M HClO 4 , were left open in the laboratory. After 24 hours, they contained considerable amounts of ammonia, as shown in Extended Data Fig. 1c ; the experiment was repeated three times on different days. To show the possible contamination from human breath, an experiment in which one participant exhaled 3 l (close to the average capacity of a human full breath) through a glass tube inserted into 2 ml of 0.1 M KOH was conducted and repeated for a total of three measurements. Extended Data Fig. 1d shows that the amount of ammonia accumulated in this manner can be considerable. Additionally, nitrile rubber gloves are commonly used in laboratory work. Nitrile rubber is a copolymer of acrylonitrile and butadiene. Acrylonitrile is typically produced by the catalytic ammoxidation of propylene, in which ammonia is used as a reactant. We sonicated approximately 5 cm 2 of a nitrile glove (Pharma und Kosmetik) in 10 ml deionized water for 1 h, and 2.8 p.p.m. of ammonia was detected by the indophenol method. Care must therefore be taken when using nitrile gloves in ammonia synthesis.
We stress that the contamination levels that we observed herein are not definitive: they depend on cleaning procedures and environmental factors such as ambient ammonia concentration. Nonetheless, our experiments provide examples of how contamination in a given set-up can be quantified. Mass spectrometry. Isotope-labelled ammonia can be detected via mass spectrometry owing to the difference in atomic weight between 14 O, the water resonance was suppressed with the excitation sculpting method using a 3-ms 180° shaped pulse centred at 4.70 p.p.m. The perfect-echo variant was chosen to reduce J-modulation for the samples analysed at 800 MHz. A total of 1,024 transient scans were recorded with an interscan delay of 1 s. 64,000 complex points were acquired for each free induction decay with an acquisition time of 3.4 s. The processed spectra were zero-filled to 64,000 real points, and an exponential apodization function with lb = 0.3 Hz was applied before Fourier transformation. D 2 O (3 vol%; 99.9%, Sigma-Aldrich) was added for deuterium locking and referencing. For the samples analysed at 400 MHz it was necessary to add 10 vol% D 2 O to achieve sufficient lock signal. For the samples prepared in THF/ethanol the 1D-NOESY (nuclear Overhauser spectroscopy) pre-saturation method was used to suppress the two THF signals. A train of 100 ms square pulses centred at 3.66 p.p.m. with a frequency modulation of 1.82 p.p.m. was applied during the relaxation delay (3 s) and mixing time (100 ms). 13 C continuous-wave decoupling was applied during the acquisition time to decrease the intensity of the THF satellite signals. A total of 512 transient scans were recorded. 16,000 complex points were acquired for each free induction decay with an acquisition time of 3.4 s. Linear prediction was used to double the number of complex points and the free induction decay was subsequently zero-filled to 32,000 real points. An exponential apodization function with lb = 1Hz was applied before Fourier transformation. 5 vol% THF-d8 (99.9%, Sigma-Aldrich) was added for deuterium locking and referencing. N, Sigma-Aldrich). Gas circulation set-up for isotope measurements. Although we stress the importance of isotope labelling experiments, we acknowledge that the high price and small volume of 15 N 2 gas bottles makes such measurements challenging. Furthermore, the low activity of the nitrogen reduction reaction requires the experiment to run for an extended time, with a continuous supply of N 2 gas. Typically, a few litres or tens of litres are required for each measurement, and most of the gas is lost as exhaust. Nevertheless, the price of US$2,100 for 5 litres of 98% 15 N 2 is negligible compared to having an incorrect scientific report published, which can potentially mislead the entire field. Therefore, we designed a circulation set-up in which 15 N 2 gas was continuously cycled and resupplied to the electrode surface. A simplified schematic and picture of our set-up is shown in Extended Data Fig. 4 . A four-way valve is central to the set-up, and enables the choice between purging mode (that is, gas flowing through the entire set-up to the exhaust) and circulating mode (gas being cycled in the enclosed system by a pump). The volume of the enclosed cycling system is about 100 ml (4.46 mmol N 2 ), which for the present conversion range is plenty. The inlet gas passes through a Cu impurity trap and a cold trap, described in detail in the following section, to remove any impurity supplied to the system. A water trap before the exhaust limits the possibility of back-flow. Before flowing 15 N 2 gas, Ar gas is first flowed through the whole set-up for 30 min to remove any 14 N 2 gas that is present in the system. After sufficient purging with Ar, 15 N 2 is flowed for 20 min with a flow rate of 10 ml min −1
. Then the four-way valve is switched to circulating mode, and the isotope experiments are performed. 14 N 2 experiments are performed in the exactly the same manner, except for the unnecessary Ar purging beforehand. The set-up also enables the flow of 10% H 2 in Ar through the gas line that is used for the activation of the copper catalyst. Fig. 6a . Given the result, we concluded that 15 NH 3 contamination in our system is negligible. Unlike ammonia, we clearly observed greater than 10 p.p.b. of nitrite from the colorimetric test, as shown in Extended Data Fig. 6c . NO 2 − can easily be reduced to NH 4 + and would give a false positive, even in the isotopelabelled tests. To remove these impurities, a Cu impurity trap was introduced, composed of 2 g Cu-Zn-Al oxide catalyst in a U-shaped stainless steel tubing 34, 35 . The Cu catalyst was reduced before each experiment in a 5% H 2 /Ar stream at 300 °C for 2 h. The gas flow was switched to Ar at 300 °C for 30 min, and the Cu impurity trap was cooled to -100 °C using an ethanol slurry, prepared by mixing ethanol with liquid nitrogen. Ar flow through the Cu impurity trap was used to purge the entire system for 30 min, including the gas-tight electrochemical cell.
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The electrolyte was then injected using a syringe to the Ar-purged electrochemical cell to prevent exposure to air and moisture. Ar was bubbled through the electrolyte for an additional 30 min to remove dissolved 14 N 2 . Finally, 15 N 2 was introduced to the electrochemical system through the reduced Cu impurity trap. After bubbling 15 N 2 gas for 15 min (about 200 ml), the gas was circulated in a closed loop using a glass pump (Makuhari Rikagaku Garasu). Using this cleaning procedure, three repeated measurements were carried out. The first test with the cleaning procedure showed up to 25 p.p.b. of ammonia, as seen in Extended Data Fig. 6b . We assume this is due to leftover contamination of the catalyst, or unaccounted impurity from the environment. Both, however, were in the form of 14 NH 4 + , as observed by NMR, and should therefore not interfere with the isotope-labelling measurements. For the second and third tests with the cleaning procedure, no ammonia was detected. Regarding the nitrite measurements, small amounts of nitrite in the gas stream were evidently removed, and we could not detect any nitrite after the cleaning procedure, as shown in Extended Data Fig. 6d . No hydrazine was measured before the cleaning procedure as shown in Extended Data Fig. 6e . Such a cleaning procedure is important to definitively prove the catalytic conversion from 15 N 2 to 15 NH 3 . Other techniques may be used to clean the 15 N 2 gas, such as using a commercial gas purifier (MicroTorr MC1-902F, SAES Pure Gas), with certified <5 p.p.t.V of NH 3 and < 1 p.p.t.V of NO x impurities.
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